ABSTRACT Background: Limited data suggest that the effects of abdominal subcutaneous adipose tissue (SAT) on cardiovascular disease risk may depend on accompanying amounts of abdominal visceral adipose tissue (VAT). Objective: The objective was to examine whether abdominal VAT area modifies the effects of abdominal SAT area on subclinical atherosclerosis and cardiometabolic risk factors in both whites and African Americans. Design: Computed tomographic measures of abdominal SAT and VAT were examined in relation to carotid intima-media thickness (cIMT) and cardiometabolic risk factor levels in 500 African American and white women in midlife. A VAT · SAT interaction term was evaluated. Results: The mean (6SD) age of the sample was 51.0 6 2.9 y, and 37% were African American. Higher amounts of SAT and VAT were associated with higher cIMT, blood pressure, homeostasis model assessment insulin resistance index (HOMA-IR), and concentrations of glucose, triglycerides, and insulin and with lower concentrations of HDL cholesterol. However, in African Americans, but not in whites, higher amounts of VAT significantly attenuated associations between higher amounts of SAT and higher insulin concentrations (P for interaction = 0.032) and HOMA-IR (P for interaction = 0.011) and reversed associations with cIMT (P for interaction = 0.005) and glucose (P for interaction = 0.044). Conclusions: These results suggest that in midlife African American but not white women, adverse associations between abdominal SAT and cardiometabolic risk factors are attenuated and, in the case of subclinical atherosclerosis, are reversed as VAT amounts increase. Given that African American women suffer disproportionately from obesity and cardiovascular disease, further research into the role of this effect modification on obesity-associated vascular disease in African American women is warranted.
INTRODUCTION
Visceral adipose tissue (VAT) accumulation is clearly associated with increased risk of type 2 diabetes and cardiovascular disease and is positively associated with cardiometabolic risk factors such as blood pressure, lipids, and measures of glucose homeostasis. However, there has been much debate regarding the role of subcutaneous adipose tissue (SAT). It is unclear if SAT is risk enhancing or, rather, protective for cardiovascular disease. A recent study in middle-aged men and women found that higher amounts of abdominal SAT are associated with lower levels of subclinical atherosclerosis (1) , which echoes results of earlier studies of SAT's effects on cardiovascular variables (2-7). However, other studies, including the Framingham Heart Study, have shown that the strength and direction of association between abdominal SAT and risk factors or cardiovascular disease are nearly identical to those for abdominal VAT (8) (9) (10) (11) . A recent study by Demerath et al (12) may help to explain these discrepant findings. In assessing the relation between abdominal SAT and the prevalence of the metabolic syndrome among a wide age range of non-Hispanic whites, a highly significant interaction was found between abdominal SAT and VAT (12) . At low amounts of VAT, more SAT was associated with a higher prevalence of metabolic syndrome, whereas at high amounts of VAT, more SAT was associated with a lower prevalence of the metabolic syndrome (12) . These results suggest that the discrepant findings in the literature may be due to differences in VAT amounts between participants in the previous studies.
Few studies have examined whether the effects of SAT on cardiometabolic risk factors differ according to the accompanying amount of VAT (3, 12, 13) , and to our knowledge none have examined whether this potential effect is seen on measures of atherosclerosis. In addition, despite the fact that African American women have higher amounts of abdominal SAT and lower amounts of abdominal VAT compared with white women (14) (15) (16) , and that African Americans have a lower prevalence of dyslipidemia (17, 18) , potential differences in these relations between African Americans and whites have not yet been examined. Therefore, the purpose of the present analyses was 2-fold: 1) to examine possible effect modification between abdominal SAT and VAT on levels of subclinical atherosclerosis and cardiometabolic risk factors in midlife women participating in the Study of Women's Health Across the Nation (SWAN) Heart ancillary study and 2) to examine whether effect modification is observed in both African American and white women.
SUBJECTS AND METHODS
The current study included participants from the SWAN. The SWAN is a multicenter, multiethnic, longitudinal study designed to characterize the biological and psychosocial changes that occur during the menopausal transition in a community-based sample. Details of the study design and recruitment have been previously published (19) . Briefly, SWAN is being conducted at 7 sites: Boston, MA; Chicago, IL; the Detroit area, MI; Los Angeles, CA; Newark, NJ; Pittsburgh, PA; and Oakland, CA. A total of 3302 women aged 42-52 y were enrolled from 1996 to 1997.
The current data were derived from the SWAN Heart Study, an ancillary study to SWAN, which was designed to characterize the natural history of subclinical atherosclerosis during the menopausal transition. SWAN Heart was conducted at the Pittsburgh and Chicago SWAN sites and was initiated '4 y after the SWAN baseline enrollment, with enrollment into SWAN Heart occurring across calendar years 2000-2005. To be eligible for SWAN Heart, participants had to have undergone a carotid ultrasound scan at a previous SWAN visit or, if they had not, were required to meet the following criteria: have at least one intact ovary and an intact uterus, could not have evidence of clinical atherosclerosis (myocardial infarction, angina, intermittent claudication, cerebral ischemia, or revascularization), and could not report use of menopausal hormone therapy (MHT) within the prior 3 mo or current use of antihypertensive or diabetes medications. For those individuals who had undergone carotid scanning before the initiation of SWAN Heart, there were 2 women who experienced clinical atherosclerosis, 79 who initiated antihypertensive medications, 75 women who initiated MHT, and 5 who initiated diabetes medications in the intervening time period. A total of 608 women (259 from the University of Pittsburgh and 349 from Rush University in Chicago) were enrolled in SWAN Heart. For these analyses, the 2 women who experienced clinical atherosclerosis were excluded, whereas those initiating antihypertensive or diabetes medications were retained. Of the remaining 606 women, 49 were excluded because of incomplete VAT or SAT measurements, 56 were excluded because of missing data on cardiometabolic outcomes, and one woman was excluded because of underweight [body mass index (BMI; in kg/m 2 ) ,18.5], which left 500 women for analysis.
The institutional review boards of the participating institutions approved this study, and all women signed informed consent at all SWAN and SWAN Heart visits.
Carotid artery intima-media thickness measurement
Carotid artery intima-media thickness (cIMT) was assessed by using a Toshiba SSA-270A scanner (Toshiba American Medical Systems, Tustin, CA) at the Pittsburgh site and a Hewlett-Packard 5500 scanner (Hewlett-Packard, Andover, MA) at the Chicago site. The duplex scanners for the Chicago and Pittsburgh sites were comparable in image quality. B-mode images were obtained from the following 4 locations in both the left and right carotid arteries: the near and far walls of the distal common carotid artery, 1 cm proximal to the carotid bulb; the far walls of the carotid bulb, from the point where the near and far walls are no longer parallel and extending down to the flow divider; and the internal carotid artery from the flow divider to 1 cm distal from the flow divider. cIMT measurements were performed by electronically tracing the lumen-intima interface and the media-adventitia interface across a 1-cm segment of each of these locations. A computer-assisted measurement for each pixel over this area was generated for a total of '140 data points in each location. The average reading in each segment was calculated, and then these readings were averaged across all segments to obtain the cIMT value used in analysis. All readings were conducted at the University of Pittsburgh Ultrasound Research Laboratory. An intraclass correlation of 0.98 was yielded on replicate readings of 20 cIMT scans.
Abdominal VAT and SAT measurement
Abdominal adipose tissue area was measured by using an electron beam computed tomographic scan, as described elsewhere (11) . Briefly, a 6-mm transverse image was obtained between L4 and L5 with a c-150 Ultrafast CT Scanner (GE Imatron, San Francisco, CA). Scans were read by a single reader at the University of Pittsburgh. A pixel range of 230 to 2190 Hounsfield units was used to define fat. The area of adipose tissue was defined by using image analysis (AccuImage Diagnostics, South San Francisco, CA). A region-of-interest line was drawn at the interior of abdominal musculature along the fascial plane. Fat within this area was considered to be visceral fat area. Subcutaneous fat was calculated as the difference between the whole image and visceral fat area. Interobserver reliability was determined by repeat reads on 10 scans, with intraclass coefficient values of 0.97 and 0.94 for total and visceral fat area, respectively.
Questionnaire data
Race, current smoking habits, and educational status were obtained from a self-reported questionnaire. Women were also asked about their menstrual bleeding patterns in the 12 mo before recruitment, which were divided into the following categories: 1) premenopausal (menstrual periods in the past 3 mo with no cycle irregularity in the past 12 mo), 2) early perimenopausal (menstrual periods in the past 3 mo with some cycle irregularity in the past 12 mo), 3) late perimenopausal (.3 and ,12 mo amenorrhea), 4) postmenopausal (12 mo amenorrhea), and 5) indeterminate (use of MHT in the previous 12 mo, before natural cessation of menses). Menopausal status categories were collapsed into 3 categories for data analysis as pre-or early perimenopause, late peri-or postmenopause or surgical menopause, and indeterminate. MHT use was ascertained by self-reported use of birth control pills, estrogen pills, estrogen injection or patch, combination estrogen and progestin, or progestin pills. As noted earlier, among the limited number of women at the Pittsburgh site who were enrolled into SWAN Heart at the SWAN baseline visit, 75 initiated MHT use between their initial SWAN Heart visit and their cIMT measurement.
Cardiometabolic risk factors

Blood biochemical assays
Fasting blood samples were assayed at Medical Research Laboratories (Lexington, KY), which is certified by the National Heart, Lung, and Blood Institute, Centers for Disease Control and Prevention Part II program, as previously described (12) . Serum total cholesterol, HDL cholesterol, and triglycerides were measured directly; and LDL cholesterol was calculated by using the Friedewald equation (13), excluding women with concentrations of triglycerides 400 mg/dL. The homeostasis model assessment insulin resistance index (HOMA-IR) was calculated from fasting insulin and glucose as (fasting insulin · fasting glucose)/ 22.5 (14) .
Physical measures
Blood pressure was measured in the right arm with the participant seated, after 5 min of rest. Two sequential blood pressure values were obtained and averaged. Height and weight were measured in participants while wearing light clothing and without shoes. BMI was calculated as weight in kilograms divided by height in meters squared. Waist circumference was measured with the participant wearing nonrestrictive undergarments, at the level of the natural waist, defined as the narrowest part of the torso as seen from the anterior aspect. For cases in which waist narrowing was difficult to determine, the measure was taken at the smallest horizontal circumference in the area between the ribs and the iliac crest.
Statistical methods
We compared demographic data, cardiometabolic risk factors, and cIMT levels across tertiles of VAT, and then again across tertiles of SAT, by using the Cochran-Armitage test for trend for categorical variables and a test of linear trend for continuous variables. We used regression models to assess linear trend across tertiles of SAT by treating a variable composed of the median SAT value in each tertile as a continuous variable to account for unequal spacing across tertiles. Linear trend across VAT tertiles was assessed in the same way. We used linear regression to assess the associations between VAT and cardiometabolic risk factors and IMT, with adjustment for age, race-ethnicity, menopausal status, smoking status, and study site; we then assessed the associations between SAT and these factors. To enable direct comparison of the magnitude of b coefficients associated with VAT compared with SAT, units of SD were used for VAT and SAT such that resulting b estimates represented the increase in the outcome of interest per SD increment in VAT or SAT. Model residuals were plotted for all linear regression models for assessment of normality. Model residuals were not normally distributed for glucose, insulin, and HOMA-IR; and these were log transformed for regression analyses. We then used linear regression to model the interaction between VAT and SAT for each cardiometabolic risk factor and cIMT, with adjustment for the covariates listed above. Independent variables included continuous main effects for VAT and SAT measures and a multiplicative VAT · SAT interaction term. The correlation between VAT and SAT was only 0.59, which reduced multicollinearity concerns. However, to confirm this, variance inflation factors were examined for all models and also indicated no concerns related to multicollinearity. Additional models were used that included a multiplicative VAT · SAT · race interaction term to assess consistency of effect modification across the 2 race-ethnic groups. In cases in which interaction terms were statistically significant, to enable illustration of the nature of the interaction, partial Pearson's correlation coefficients between SAT and outcomes were calculated within race-specific tertiles of VAT and again within race-specific quintiles of VAT. We performed additional analyses excluding women taking MHT or with surgical menopause (n = 67). Significance was set at P , 0.05 for main effects and P , 0.10 for interaction terms. All statistical analyses were carried out by using SAS 9.2 (SAS Institute Inc, Cary, NC).
RESULTS
The mean (6SD) age of the population was 51.0 6 2.9 y, and 37% were African American. Characteristics of the study population stratified by abdominal VAT and then SAT are presented in Tables 1 and 2 . Those with higher VAT amounts were older and more likely to be late peri-or postmenopausal, and those with higher VAT or SAT had adverse cardiometabolic risk factor levels compared with those with lower VAT or SAT areas. In addition, those with higher SAT amounts were more likely to be African American, whereas no discernible pattern in race-ethnicity was observed across VAT area.
When modeled separately, higher VAT area was associated with adverse cardiometabolic risk factor levels and higher cIMT, in both whites and African Americans, whereas higher SAT area was associated with adverse cardiometabolic risk factor levels in both whites and African Americans but with higher cIMT only in whites (Table 3) . However, effect modification between SAT and VAT was observed for associations with cIMT and HDL cholesterol ( Table 4 ; P value for interaction = 0.033 for both) in analyses in which the race-ethnic groups were pooled. For HDL cholesterol, the negative association observed between SAT and HDL concentrations at lower VAT areas was attenuated as the amount of VAT increased; this finding was supported by the positive sign of the interaction term as well as adjusted correlation coefficients between SAT and HDL across tertiles of VAT (adjusted q = 20.10 in the first VAT tertile and 0.02 in the third VAT quartile).
For cIMT, modification of SAT effects by VAT was limited to African American women, as indicated by a significant P value for the VAT · SAT · race interaction term (P = 0.069). Similarly, in African Americans but not whites, significant effect modification of SAT by VAT was found for SAT associations with glucose, insulin, and HOMA-IR (Table 4) . Similar results were suggested for HDL cholesterol and triglycerides, although the nonsignificant VAT · SAT · race interaction terms for these variables suggested no race difference in the pattern of effect modification of SAT by VAT. The negative sign associated with the interaction terms in African Americans suggests that the positive association between SAT and cIMT and glucose homeostasis outcomes in Table 2 was attenuated, or even reversed, as VAT area increased. To better show this, we present partial Pearson's correlation coefficients, adjusted for important covariates, between SAT and cIMT, fasting glucose, and HOMA-IR across tertiles of VAT in Table 5 . Although power was insufficient within many tertiles to obtain statistical significance for individual correlation coefficients, the pattern of association between SAT and outcomes as VAT amounts increased can be seen. In African Americans only, in the lowest VAT tertile higher SAT was associated with higher cIMT and log glucose concentrations (adjusted q = 0.28 and 0.29, respectively), whereas in the highest VAT tertile higher SAT amounts were associated with lower cIMT and log glucose concentrations (adjusted q = 20.11 and 20.08, respectively). Higher SAT area was associated with higher HOMA-IR values in all 3 VAT tertiles in both whites and African Americans. However, this association was considerably less pronounced in the middle and highest VAT tertiles relative to that in the lowest VAT tertile in African Americans. Results were similar when quintiles rather than tertiles of VAT were used. In fact, SAT was negatively associated with HOMA-IR in the highest VAT quintile (adjusted q = 20.32), suggesting that similar to the cIMT and glucose findings, SAT associations with HOMA-IR may actually be reversed at high VAT amounts. Similar patterns were found for insulin.
Analyses similar to those depicted in Table 5 were carried out to assess the interaction in the opposite framework: that of SAT modifying the effects of VAT. For this, we assessed the association of VAT with cIMT, stratified by SAT tertiles. In African Americans, the adverse associations between VAT and cIMT progressively lessened across tertiles of SAT. When MHT users and women with surgical menopause were excluded from analyses (n = 67), results were similar (data not shown). Similarly, when diabetes medication users (n = 5) and antihypertensive medication users (n = 79) were excluded, results were similar.
DISCUSSION
In this study, higher abdominal SAT amounts were associated with a greater burden of subclinical atherosclerosis and with a worse cardiometabolic risk factor burden in midlife women. However, in African American women, adverse associations between SAT and subclinical atherosclerosis and measures of glucose homeostasis were attenuated and perhaps even reversed when in the presence of higher VAT amounts, such that at the highest VAT amounts, higher SAT amounts were associated with lower cIMT and fasting glucose.
Few previous studies have assessed potential interaction between SAT and VAT. In the study by Demerath et al (12) , at lower amounts of VAT, the probability of having the metabolic syndrome increased across increasing SAT tertiles, whereas at higher amounts of VAT, the probability of having the metabolic syndrome decreased across increasing SAT tertiles in men (P value for interaction = 0.0008). No effect modification was seen among women (12) . However, the sample was restricted to nonHispanic whites, and in the current study effect modification was limited to African American women. Similar potential effect modification was seen in relation to lipid concentrations in men and lipid concentrations and cardiovascular disease in women in the Framingham Heart Study (13) . In contrast to our current results for glucose concentrations, in the Framingham Heart Study the prevalence of impaired fasting glucose was higher in those with higher SAT in both the low and high VAT groups (13) . However, the Framingham Heart Study includes primarily white participants, whereas our glucose results were limited to African Americans. The mechanism that may underlie the potential beneficial effects of SAT in the presence of high amounts of VAT is not clear. As adipose tissue depots, both VAT and SAT serve the dual function of storing energy in the form of triglycerides and releasing that energy in the form of free fatty acids. SAT has been shown to display less insulin-and adrenergic-related lipolytic activity and to release fewer inflammatory adipokines and appears to have greater adiponectin mRNA expression compared with VAT (20) (21) (22) (23) . Therefore, although SAT is present in larger quantity than is VAT, in individuals with excess adipose tissue preferential storage of energy in SAT compared with VAT is likely less pathogenic than preferential storage in VAT. In patients with lipodystrophy, a reduction in SAT results in visceral fat accumulation, hepatic steatosis, insulin resistance, and increased coronary atherosclerosis (24) , giving rise to the hypothesis that once the storage capacity of SAT has been exceeded, triglycerides are stored in VAT and nonadipose tissues, such as the liver and muscle. Ectopic fat may have greater lipotoxic effects and has been shown to be associated with adverse cardiometabolic risk factor levels and atherosclerosis (25) (26) (27) (28) . Therefore, in obese individuals with high amounts of both VAT and SAT, SAT may act as a "metabolic sink," sequestering circulating triglycerides with minimal release of inflammatory cytokines and with greater resistance to lipolytic signals than VAT. In these individuals with high amounts of VAT, although SAT does have lipolytic and adipokine effects compared with nonadipose tissue, the lesser lipolytic and adipokine effects in SAT compared with VAT may result in a more favorable cardiovascular risk profile when fat is stored preferentially in SAT rather than in VAT. Alternatively, in normal-weight individuals in whom amounts of both VAT and SAT are low, the effects of the lipolytic and adipokine activity by SAT on cardiometabolic risk factor levels are more evident. Our primary results are consistent with this paradigm. Furthermore, in our secondary analyses exploring this interaction from the standpoint of SAT modifying adverse effects of VAT, the adverse effects of VAT lessened with increasing amounts of SAT.
We found that the modification of SAT associations by accompanying VAT amounts was limited to African American women. Due to sample size, this is a preliminary observation that requires replication in additional studies. Should it be replicated, why this is seen in African American women but not in white women remains unclear. Abdominal SAT is partioned into 2 distinct depots split by the fascial plane. Limited prior work suggests that the deep abdominal SAT layer is more strongly associated with adverse cardiometabolic risk factors and insulin resistance than is the superficial SAT layer (10) . Therefore, the confinement of beneficial SAT effects to African American women as seen here may result from race-ethnic differences in the ratio of deep to superficial abdominal SAT. The limited literature in this area suggests that African Americans have a smaller deep:superficial SAT ratio than do whites (29, 30) . Further research in this area is warranted.
The results of the current study must be viewed within the context of its limitations. These analyses are preliminary and require confirmation in a larger, more definitive study. Our results can be generalized to midlife women only. The relation between abdominal SAT and VAT may be different among younger women. We could not distinguish superficial abdominal SAT from deep abdominal SAT and did not have measures of peripheral SAT. Abdominal SAT may be correlated with peripheral SAT and therefore may have acted as a marker for greater peripheral SAT in the current study. Alternatively, peripheral SAT may affect cardiometabolic risk factors differently than abdominal SAT. For women who had not had a cIMT scan before SWAN Heart ancillary study enrollment, antihypertensive and diabetes medications were reasons for exclusion. The use of diabetes medications was infrequent, and therefore the exclusion of those women likely did not substantially bias the results. The prevalence of antihypertensive medication use among women at the Chicago and Pittsburgh sites during the recruitment period of the ancillary study was '25%, in contrast to the 15.8% prevalence (n = 79) in the current analyses. However, results were similar when antihypertensive medication users were excluded, suggesting that these individuals were not driving the observed effect modification. This study also had considerable strengths. We formally assessed effect modification of SAT by VAT and vice versa, rather than just the independent effects of SAT and VAT. Furthermore, representation of both African American and white women in SWAN Heart allowed for evaluation of the presence of effect modification in both whites and African Americans, separately. Finally, this assessment was performed in midlife women. Given that midlife is a time when cardiovascular disease risk increases in women, this is a critical time period for assessing the potential beneficial cardiometabolic and atherosclerotic effects of SAT.
In conclusion, these results in midlife women suggest that higher amounts of abdominal SAT are associated with adverse cardiometabolic risk factor levels and a greater burden of subclinical atherosclerosis when accompanied by low amounts of abdominal VAT. However, these results suggest that in African American women, as VAT amounts increase the adverse associations of abdominal SAT with subclinical atherosclerosis and insulin resistance may be attenuated or even reversed, such that higher amounts of abdominal SAT are associated with a lower burden of subclinical atheroclerosis and lesser insulin resistance in the presence of high VAT. Given that African American women suffer disproportionately from obesity and cardiovascular disease, larger, more definitive studies confirming these findings and further research into the role of this effect modification on obesityassociated vascular disease in African Americans are needed.
